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S U M M A R Y  

by V. 5;. Fesenkov 

A method is proposed, which t akes  i n t o  account t h e  t ropospheric  
component (h igher  
s i t y  and degree of po la r i za t ion  of the  t w i l i g h t  sky i n  two symmetrical 
po in t s  of the  solar v e r t i c a l .  The p o l a r i z a t i o n  r a t i o  a t  these po in t s  must 
be known beforehand from preliminary ca l cu la t ions .  Formulas f o r  these ca l -  
cu la t ions  a r e  derived and t h e i r  app l i ca t ion  is given f o r  a s impl i f i ed  
model of a t w i l i g h t  segment. 

o rder  s c a t t e r i n g )  It is based on observat ions of in ten-  

* 
* *  

1. Before undertaking the  app l i ca t ion  of t w i l i g h t  events  f o r  the  
s tudy  of o p t i c a l  p rope r t i e s  of the upFer atmosphere i t  is necessary t o  

a s c e r t a i n  t h e  i n t e n s i t y  of primary tw i l igh t .  To t h a t  e f f e c t  I proposed a 

method of simultaneous observat ions of two po in t s  of t he  sky i n  the Sun's 

v e r t i c a l ,  symmetrical r e l a t i v e  t o  zen i th  a n d  l oca t ed  at the  height  of-200. 
The observed t w i l i g h t  br ightness  represents ,  genera l ly  speaking, the  sum 
of t h r e e  terms, which a re :  the  primary t w i l i g h t  segment 11, s u f f i c i e n t l y  

remote from the observer and  dependent on l i g h t  s c a t t e r i n g  only of f i r s t  

o rder ,  t h e  t ropospheric  component 12, defined by l i g h t  s c a t t e r i n g  of higher  
orders ,  nea r ly  exc lus ive ly  i n  the  lower and denser a i r  l a y e r s ,  and the gene- 

r a l  s t e l l a r  backeround 13, e a s i l y  found from observat ions a f t e r  the  end of 
tw i l igh t .  Therefore 

I = I 1 +  I2 + 

* 0 FQLYARIZATS IONNOM METODE ISSUDOVANIYA SUFERECIINYKII YAVLENTP. 



2. 

If t he  second symmetrical po in t  is not  t o o  high over t he  horicon,  
t h e  primary t w i l i g h t  segment a l ready ceases  being superimposed t o  i t  a t  com- 

p a r a t i v e l y  s m a l l  d ipping of the  Sun under the  horizon, f o r  example, p e a t e r  
than  6 0 ; t h e n  

I f  = I2' -+ 1;. 

I f  w e  determine from appropr ia te  t h e o r e t i c a l  c a l c u l a t i o n s  t h e  r a t i o  

K = I2 / I2', 

( s e e  [l]), we s h a l l  immediately have 

I1 = I - I 3  - KIz'. 

Theore t i ca l ly ,  t h e  b r igh tness  of primary t w i l i g h t  is r ep resen ted  
i n  t h e  formof i n t e g r a l  equat ion conta in ing  a func t ion  of atmosphere's o p t i c a l  

p r o p e r t i e s ,  which may hence be determined. It is desirable f o r  a g r e a t e r  re- 
l i a b i l i t y  t o  measure a l s o  the  degree of p o l a r i z a t i o q  P, P* at. the  same sym- 
m e t r i c a l  p o i n t s  of t h e  sky, which w i l l  g ive u s  t h e  a d d i t i o n a l  c o r r e l a t i o n s  

IP = IiPt i- 1 8 2 ,  
1P' = IZ'PZ' 

( t h e  n i g h t  sky  background is p r a c t i c a l l y  nonpolar ized and its b r igh tness  is 
n e g l e c t i n g l y  smal l )  . 

We f i n d  

and Pz' = IP' Iz'. 

The p o l a r i z a t i o n  P' of the primmy t w i l i z h t  segment is quicky found 
i n  the func t ion  of angular  diskance from the  Sun, provided the  r e l a t i v e  

s c a t t e r i n g  i n d i c a t r i x  f o r  the  high atroosphere is known; but  P2 and P$, 
t he  p o l a r i z a t i o n s  a t  t h e  same symmetrical points,may be found only  by way 

of r a t h e r  cumbersome ca l cu la t ions .  It would be more r e l i a b l e  t o  compute f o r  

va r ious  Sun dippings under the  horizon the ratio o f  therie quantities 

a = P2/ P i .  

Then, knowing P i  from. d i r e c t  observa t ions ,  we s h a l l  immediately 
f i n d  P2, and from (1) we s h a l l  a l so  f i n d  I1. 
method o f  i n v e s t i g a t i o n ,  which mip;ht se rve  a s  a known con t ro l  of t h e  f i r s t .  

Such may be the  independent 

I n  t h e  fo l lowing  we s h a l l  expound a method f o r  computing the  degree of 

p o l a r i z a t i o n  of t he  troposphere component a t  symmetrical p o i n t s  of the S.V. 



3. 

2.- We s h a l l  consider  a t  first t h e  gene ra l  case. The b r igh tness  of 
t he  day l igh t  sky  at a c e r t a i n  po in t  M with z e n i t h a l  d i s t ance  e, l oca t ed  at 

t h e  angular  d i s t ance  2 from a nonpolarized l i g h t  source  S , may be represented  

by the  express ion  

- - 
I 

where f i , f ~  =e the  components of the  s c a t t e r i n g  i n d i c a t r i x  wi th  o s c i l l a t i o n s  

r e s p e c t i v e l y  perpendicular  and parallel t o  t h e  grand c i r c l e  SM; L is t h e  
e e n i t h a l  d i s t ance  of S and p i s  the  atmosphere t ransparency  index. The 

degree of p o l a r i e a t i o n  at M w i l l  be simply 

P = ( f l  - f z )  / (fl + f2) * 
Let  us assume now t h a t  t he  l i g h t  ~ o u r c e  of i n t e n s i t y  L i s  p a r t l y  polar ized .  

Le t  t h e  amplitudes of b a s i c  o s c i l l a t i o n s  be a and b, so t h a t  L e  a2 + b2. 
Assume also t h a t  t h e  p o l a r i z a t i o n  angle a t  L w i l l  be such t h a t  t he  o s c i l l a -  

t i o n s  2 c o n s t i t u t e  an angle  a w i t h  t he  normal t o  the  g r e a t  c i r c l e  SM. 
We t h u s  s h a l l  o b t a i n  t h a t  t h e  b r igh tnesses  of s c a t t e r e d  l i g h t  a t  t h e  po in t  M, 
condi t ioned by o s c i l l a t i o n s  p e r p e n d i c u k r l y  and p a r a l l e l w i s e  t o  the  g r e a t  

c i r c l e  SM, w i l l  be 

- - 

I = (u2cosZaf b2sin2a)fi(6)cp(z,5); 
.I1 = (u2sin2a + b2 cos2a)f~(ft)cp(z,  5 ) .  

Inasmuch as 

i t  f o l l o x s  that t h e  t o t a l  b r igh tness  at  the  poin t  M, p a r t l y  due t o  t he  pola- 

r i z e d  l i g h t  source i n  S, w i l l  be 1 + 11, which is e a s i l y  brought up t o  

t h e  expres s ion  
L !M = k y ( f i  + f z ) c p ( z , & p )  (I + PPocos2a), 

where, as e a r l i e r ,  

I n  t h e  case when the  l i g h t  source i n  S with  p a r t i a l  p o l a r i z a t i o n  Po 
has extended dimensions, we ob ta in  

f~ = 11 B(5,A) ( f i  + f ~ ) c p ( z , L p )  (1 +PP0cos2a)sinSdC,dA. 
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The p o l a r i a a t i o n  at the  point  M, induced by each element of t he  

source S, is represented  by the expression 

( Q2 cos2 a 4- b2 sin2 a) j i  - (a2 sin2 a + b2 cos2 a)  fi 

(a2 cos2 a + b2 sin2 a) f i  + (a2 sin2 a + b2 cos2 a) fi 
PM = c- 

or ,  a f t e r  t he  necessary reduct ions,  

P + Pocos2a 
1 -l- PPO cos 2a ' 

PM = 

3. - W e  s h a l l  apply these  cons idera t ions  f o r  the  c a l c u l a t i o n  of the 

troposphere component of the  tw i l igh t  sky f o r  symmetrical po in t s  of so lar  
v e r t i c a l  a t  z e n i t h a l  d i s tance  e = 70 . I n  the given case,  t he  outer  and 

p a r t l y  polar ized  l i g h t  source is t he  primary t w i l i g h t  segment, which, begin- 
ning wi th  Sun's dipping by more than 6' under horizon is  a l ready  s u f f i c i e n t l y  

remote from the  observer  and t h e  s c a t t e r i n g  troposphere l a y e r  above him. 

The b r igh tness  of the primary t w i l i g h t  segment a t  t h e  po in t  S ( c , A )  ( t h e  az i -  
muth being counted from the  s o l a r  v e r t i c a l )  may be computed with the  he lp  of 
t h e  expression 

0 

Rere J*.(h) cha rac t e r i zes  the atmosphere's s c a t t e r i n g  c a p a b i l i t y  88 a funct ion  
of he ight  h above'ground; (abs)  is t h e  value of solar r ay ' s  e x t i n c t i o n ,  f o r  
a r a y  t r a v e r s i n g  the  whole atmosphere a t  the  minimum height  of rapprochement 

w i t h  t h e  t e r r e s t r i a l  sur face  ho; a. is the  angular d i s t ance  of the  considered 

element S of primary t w i l i g h t  from the  Sun So and fo (3) is the  s c a t t e r i n g  

i n d i c a t r i x ,  c h a r a c t e r i s t i c  of t h e  upper atmosphere layers .  
Inasmuch as t h e  t w i l i g h t  segment i s  t o t a l l y  symmetrical r e l a t i v e  t o  

s o l a r  v e r t i c a l  and the  po la r i za t ion  angle must be p a r a l l e l  t o  the  horizon, 

we s h a l l  l h i t  ourse lves  t o  the  determination of the  aggregate degree of pola- 

cons t i t uen t s  of po la r i za t ion  components perpendicular  and 

a r c  of great c i r c l e  w e  have 

r i z a t i o n  only. 

3'or the 

parallel t o  t h e  



Bearing t h i s  i n  mind, we obta in ,  according t o  the  above-said, f o r  

the  t o t a l  v e r t i c a l  component of o s c i l l a t i o n s  at t h e  poin t  M of s o l a r  ver-  

t i c a l ,  produced by a l l  the  elements of t he  primary t w i l i g h t  segment 

1 
2 - 2 (6) IO( 1 + PO cos 2 4  sin2 B + f z ( ~ ) ~ o ( l -  Po cos 2a)cos2 PI cp(z, 6, p )  

and f o r  the t o t a l  h o r i z o n t a l  o s c i l l a t i o n  component 

whence we o b t a i n  t h e  degree of p o l a r i z a t i o n  searched f o r :  

where da = sin GdtdA 

is  the  element of prhary tvr i l ight .  

We f i n a l l y  have 

For  t h e  c a l c u l a t i o n  of t h i s  express ion  w e  must first of  a l l  have 
t h e  s c a t t e r i n g  i n d i c a t r i x  fo f o r  the high atmosphere ( p r i n a r y  t w i l i g h t  seg- 

ment) and f f o r  the atmosyhere as a whole, expanding them by p o l a r i z a t i o n  

components, Inasmuch as determinat ions of fo from a l t i t u d e  r o c k e t s  have 

been unavai lab le  to-date,  t he  only t h i n g  t o  do is t o  adopt t h e  s c a t t e r i n g  
i n d i c a t r i x ,  determined wi th  its p o l a r i z i n g  p r o p e r t i e s  by Pyaskovskaya-Fesen- 

kova i n  t he  Libyan Desert (Southern Egypt) i n  1957, as t he  most convenient 

[2], f o r  the  Sun 's  p o s i t i o n  near  horizon, when the  e f f e c t i v e  he igh t  of t he  
equ iva len t  atmosphere l a y e r  w a s  r~ 15 km. The a e r o s o l  s c a t t e r i n g  i n d i c a t r i x  

fo w a s  ob ta ined  from these  observat ions upon i n t r o d u c t i o n  of appropr ia te  

c o r r e c t i o n s  f o r  higher  o rde r  s c a t t e r i n g  and the  Rayleigh s c a t t e r i n g ,  The 

t o t a l  i n d i c a t r i x  f has been found under the  same condi t ions.  T a b l e  1 
g ives  t h e  r e s p e c t i v e  va lues  of f, P and fo, Po f o r  d i f f e r e n t  a n g u l z  dis- 
t a n c e s  8, 
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The angles a, B, and a lso  6 and 60 (Fig. 1 )  may be found g raph ica l ly  

- 
10. 
15 
20 
30 
40 
50 

with a s u f f i c i e n t  prec is ion ,  

4.22 0.020 
3.183 0.035 
2.675 0.054 
2.075 0.125 
1.707 0.220 
1.452 0.333 

- 
I 

- 
No a e 
85" a 

P 
6 a  
6 

80" a 
P 
6a 
6 

75" a 
P 
6c 
6 

70" a 
P 
61 
6 

2 

- 66.2 
56.2 

For the p a r t i c u l a r  I 

60 1 ~ 2 7 ~  a.475 
70 1 1.152 I 0.607 
80 1.046 0.710 

44r4 
B8.0 
41. I * - -  

44.3 
44.9 
74.6 
42.6 
41.8 
44.6 
81.6 
44.1 
39.8 
42.8 
89.3 
46.7 
38.6 
40.5 
97.2 
49.4 
37.0 

90 I 1.000 I 0.750 

:,&:I 
74.1 
51 .O 
53.1 
88.3 
80.0 
52.1 
50.9 
37.9 
86.4 
53.3 
49.0 
36.9 
92.6 
55.4 
47.8 
35.5 
99.2 
57.7 
46.9 

10.13 
6.60 
4.95 
3.153 
2.235 
I .733 
1,408 
1.246 
1.333 
1 .ooo 

f o r  example, by the  V.V. Kavrayskiy network. 

0.120 1.266 

0.240 1.432 
0 I 308 1.4% 

0.715 i 0.934 j 0 . 4 q  
0.633 0.890 0.405 
0.520 I 0.894 I 0.380 I 
0.383 0.898 0.335 
0.270 0.900 0.280 
0 . 1 1  0.894 0.222 
Od050 0.890 0.153 

o.oO0 0.890 fl.OO0 
0.010 0 . m  0.076 

T A B L E  2 

0 

180' 
0 

10.0 
20.0 

180 
0 

15.0 
15.0 

180 
0 

20 
10.0 

180 
0 

25 .O 
5.0 

0 
30.0 
0 

- 

10. 

100" 
27.3 
14.3 
22.2 

113.5 
34 
18.0 
17.8 

110.2 
45 
22.0 
13.8 
95.0 
64 
23.9 

79.3 
92 
31.6 
9.5 

1 op 

200 

73 
47.0 
22.5 
28.2 
75.6 
55 
26 .o 
24.8 
73.6 
65.8 
28.0 
21.7 
67.0 
78.3 
31.8 
19.8 
57.9 
93.7 
35.9 
19.0 

T A B L Z  1 

54 ;e 
59.4 
31.8 
35.8 
56.1 
66.9 
33.4 
32.9 
55.0 
75.6 
35.6 
30.4 
51.9 
85.1 
38.8 
29.0 
47.6 
95.3 
42.1 
28.2 

$42 
70.6 
60.8 
62.2 
34.0 
84.4 
61.8 
60.3 
33.9 
90 .o 
62.8 
58.5 
23.2 
95.8 
64.5 
57.2 
32.1 
01.4 

Fig. 1 

horizon 

f u i c t i o n  tp(z,G,p), which may be more accura te ly  represented in t he  form 
Prn 

m0, 
pmo - 

cp (2, 201 P) = - no 
where m and mo a r e  the atmosphere masse6 corresponding t o  z e n i t h a l  d i s t a n -  

c e s  s and e,, is represented by numerical values f o r  t he  transparency f a c t o r  

p = 0,825 and s = 70°, compiled i n  Table 3. Wote t h a t  at  G =goo, t h e  atmo- 

sphere  mas6 is approximately 40 (m = 40). 
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T A B L E  3 

0.1161 
0.1225 
0.1274 

0.08460 
0.09768 
0.1068 

4. -The c a l c u l a t i o n  of the aggregate p o l a r i z a t i o n  of the  tropo- 

sphere coinponent is r a t h e r  complicated, and t h e  more so s i n c e  the d e t a i l e d  

c a l c u l a t i o n s  of primary t w i l i g h t  b o p h o t s  f o r  various dippings of t h e  Sun 
under the  horizon and var ious  o p t i c a l  p e c u l i a r i t i e s  of t he  upper atmosphere 

must precede it .  It is appropr ia te  t o  conduct such c a l c u l a t i o n s  on computers. 
Th i s  is why we s h a l l  limit ourselves  here  t o  a s impl i f i ed  scheme for an 
example, when the  e n t i r e  t w i l i g h t  segment is  reduced only t o  the  a r c  along 

the  horizon of greater o r  lesser extension. 
Moting t h a t  t he  func t ion  b(z ,Zo ,P)  f o r  two symmetrical p o i n t s  of t he  

s o l z r  v e r t i c a l  is t h e  same and is independent f ron  the  azimuth, we shall 
have a s impl i f i ed  expression for Pm , n m e l y  

f 10 cos 28 (fi + f2) ( P  4- PO cos 2a) dA 

1 10 ( . f r  4- f2) ( 1 4- PPo cos 2a) CEA 

--A 
P ,  = 

-A 

For the ind ica t ed  symmetrical p o i n t s  of the solar v e r t i c a l  we have 

cos 61 = sin z cos A ,  

cos ai = ; C O S ~ ~ =  -- 
sin 61 sin 60 sin&-sin+,, ' 

cos fka = -sin z cos A ;  
cos (6 - 2 )  - cos 61 cos fko cos(f + 2 )  - cos & cos .e, 

tg p = tgd secz; pi = b. 
For the  first symmetrical po in t  t h e  computations give (zg= 700) 

pm = L44% 

and f o r  t he  second 
pm = 0.615%. 

A s  may be seen9 t h e  corresponding degrees  of p o l a r i z a t i o n  a re  r a the r  

s m ~ 1 1 .  For a b e t t e r  i d e a  about t h e  k ind  of in f luence  the  va r ious  p r o p e r t i e s  



f 8, 

of t h e  primary t w i l i g h t  segment exert upon t h e  result ,  analogous ca lcu la-  
t i o n s  were a l so  performed f o r  a scheme of arc along horizon of uniform 
br igh tness  but  d i f f e r e n t  extension and, a t  t h e  same time, nonpolarieed, 
that is, when Io = 0 and Po = 0. I n  t h i s  case,  fo r  arcs from 0 t o  SO0 

extens ion  we have (Table 4) : 

T A B L E  4 

Asmaybe seen from this, t h e  p a r t s  of t h e  t w i l i g h t  segment, more 

remote from the  solar v e r t i c a l ,  l ead  to  negat ive po la r i za t ion ,  though f o r  

a s u f f i c i e n t  dipping of the  Sun,  the  b r igh tness  of these  p a r t s  is  i n s i p i -  

f i c a n t .  J 

The method expounded calls f o r  r a t h e r  d e t a i l e d  prelirainary calcu- 

l a t i o n s  asd meaearements of polar iza t ion  with an absolu te  p rec i s ion  of ,  s ay  

0.01 percent .  
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